INTRODUCTION {#sec0005}
============

The revised diagnostic criteria for Alzheimer's disease (AD), the world's leading cause of dementia, rely on a combination of biochemical and imaging biomarkers \[[@ref001]\]. Cerebrospinal fluid (CSF) levels of protein tau and amyloid-β (Aβ) peptides, such as Aβ~1-42~, Aβ~1-40~, and Aβ~1-38~ represent the biochemical biomarkers. Increased CSF concentrations of protein tau reveal the ongoing cortical neurodegeneration while the typical Aβ plaque pathology in the AD brain is mirrored by decreased CSF levels of Aβ~1-42~ \[[@ref003]\]. Combining these analytes apparently provides an even higher diagnostic accuracy \[[@ref004]\]. Nonetheless, CSF tau and CSF Aβ are state markers and their prognostic value regarding the actual start of cognitive deterioration or monitoring its progression is limited. Tangles and plaques are indeed only weakly correlated with cognitive impairment, in contrast to synaptic dysfunction or loss \[[@ref007]\]. Thus, in the search for stage biomarkers that can predict the onset and/or course of the disease, there is a growing interest in synaptic proteins, like neurogranin.

The post-synaptic protein neurogranin has a pivotal role in long-term potentiation and learning \[[@ref010]\], and while highly expressed in the brain \[[@ref014]\], neurogranin is also present in CSF as a pool of several C-terminal fragments, with an intact or truncated C-terminus \[[@ref016]\]. Interestingly, in case of mild cognitive impairment (MCI) and AD, elevated CSF neurogranin levels were noted in various independent studies \[[@ref017]\]. Furthermore, CSF neurogranin was analyzed in the ADNI cohort, revealing an association with hippocampal atrophy or FDG-PET \[[@ref021]\]. Also a link with cognitive decline was shown in the latter study, which confirmed previous studies where high CSF neurogranin levels were predictive for conversion from MCI to AD \[[@ref016]\]. Although this association with cognitive decline could not yet be verified by other research groups \[[@ref017]\], the potential of CSF neurogranin reflecting synaptic dysfunction/degeneration is obvious. Finally, although neurogranin is also present in plasma, no confounding effects by the high plasma levels of neurogranin could be noted on the CSF levels of the protein, as studied in paired CSF-plasma samples \[[@ref017]\]. Besides the promising results from these CSF studies, some limitations were identified. The assays involved were based on at least one polyclonal antibody and/or the assays lacked the analytical sensitivity to allow the quantification of neurogranin in CSF samples from cognitively healthy controls, whom display low CSF neurogranin levels. These limitations in mind, in combination with the recent insights that neurogranin C-terminally truncated at P75 (neurogranin trunc P75) is a more abundant type of fragment in CSF, we aimed in our current study to develop a new research ELISA to continue assessing neurogranin as CSF biomarker. Our goal was to design an immunoassay, entirely based on two monoclonal antibodies (mAbs), specific for neurogranin trunc P75, and with improved analytical sensitivity.

In our previous, exploratory CSF study \[[@ref017]\], we noted a clear reverse relationship between CSF neurogranin and the CSF Aβ~1-42~/Aβ~1-40~ ratio, possibly linking synaptic loss with pathologically altered AβPP metabolism. This agrees with studies where amyloid-β protein precursor (AβPP) processing is linked to synaptic activity \[[@ref023]\] or where AβPP cleavage by BACE1 is localized in the synaptic compartment \[[@ref024]\]. BACE1 or the β-site AβPP cleaving enzyme 1, is the transmembrane aspartyl protease that initiates the production of the toxic, aggregation-prone Aβ~1-42~ \[[@ref025]\]. While an increase in protein levels as well as activity of BACE1 occurs in the brain of AD patients \[[@ref026]\], analyses in CSF remain inconclusive so far \[[@ref028]\]. Several of these CSF studies were focused on BACE1 activity though \[[@ref029]\] and since it is a challenge differentiating the enzymatic activity by BACE1 from other aspartyl proteases, this could explain the conflicting results. We therefore selected a research prototype BACE1 ELISA, which is entirely based on mAbs and which is specific for BACE1 total protein levels, as previously described \[[@ref028]\].

Using these two new ELISAs, targeting neurogranin trunc P75 and BACE1, we assessed the CSF levels of both synaptic proteins in samples from cognitively healthy persons (*n* = 20), patients suffering from MCI with high probability for AD (*n* = 38) and AD dementia (*n* = 50). We studied these levels in parallel with the CSF concentrations of the classic AD biomarkers, i.e., tau and Aβ~1-42~, but also Aβ~1-40~ and Aβ~1-38~. Hereby, we compared the diagnostic value of neurogranin trunc P75 and BACE1 versus the classic AD biomarkers, and as well considered the added value of the ratio of these analytes. Finally, we explored the relationship of neurogranin trunc P75 and BACE1 with cognitive decline, based on neuropsychological follow-up.

MATERIAL AND METHODS {#sec0010}
====================

Study population {#sec0015}
----------------

CSF samples were selected from the Biobank of Institute Born-Bunge (Antwerp, Belgium), encompassing samples from patients of the Memory Clinic and Department of Neurology of Hospital Network Antwerp, Middelheim and Hoge Beuken. The samples were obtained by lumbar puncture (LP) at the L3/L4 or L4/L5 interspace, collected in polypropylene tubes, immediately frozen in liquid nitrogen and stored at --80°C until analysis. Within 3 months prior to or after LP, neuropsychological examinations, at least consisting of Mini-Mental State Examination (MMSE) scores, were performed for each patient.

Patients with MCI due to AD (referred to as 'MCI' hereafter; *n* = 38) as well as age-matched patients with dementia due to AD ('AD'; *n* = 50) were included, diagnosed according to the NIA-AA criteria \[[@ref001]\]. To discriminate AD from cognitively normal, CSF biomarkers Aβ~1-42~, T-tau, and P-tau181P were already analyzed prior to this study at the BIODEM lab using commercial kits (Innotest β-AMYLOID(1-42), Innotest hTAU-Ag and Innotest PHOSPHO-TAU(181P); Fujirebio Europe, Ghent, Belgium), whereby the lab's cutoff values were applied \[[@ref035]\]. All MCI patients, of which 2 patients with a pathogenic AD gene mutation, had high probability of AD etiology according to the NIA-AA criteria (see also [Supplementary Table 1](#S1){ref-type="supplementary-material"}). Regarding the participants of the age- and gender-matched cognitively healthy control group ('CTRL'; *n* = 20), cognitive deterioration was ruled out by means of a neuropsychological screening. CTRL subjects had no neurological or psychiatric antecedents, central nervous system disorders, or inflammatory syndromes.

If available, MMSE total scores from follow-up neuropsychological examinations (at least one year after LP (= baseline)) were included in the study (see also [Supplementary Table 2](#S1){ref-type="supplementary-material"}). This allowed calculating the rate of cognitive decline based on a linear mixed model adjusted for age and gender. The study was approved by the local ethics committee (University of Antwerp). All subjects gave written informed consent.

Postmortem brain samples (with high or intermediate AD neuropathologic changes (*n* = 20) or with low or no AD neuropathologic changes (*n* = 5) \[[@ref036]\]) were also studied. Twenty-one cases belonged to a brain donation program (GIE NeuroCEB Brain Bank) where the patient (or his/her next of kin in his/her name) had signed a consent for research before death. In the other cases, a consent for research had been signed postmortem by the next of kin. All the cases had been neuropathologically studied. Both Braak stages for neurofibrillary tangles \[[@ref037]\] and Thal phases for amyloid deposition \[[@ref038]\] had been assessed.

Research neurogranin ELISA for CSF {#sec0020}
----------------------------------

Ninety-six-well microtiter plates were coated with mAb ADxNGCI2 in PBS, for 1 h at 21°C. After washing the wells with Phosphate-buffered Saline (PBS) containing Tween-20 (PBST), the plates were blocked with blocking reagent for 2 h at 21°C. The calibrator, a synthetic peptide containing the C-terminus of neurogranin truncated at Pro75 (custom-made by Proteogenix, France), was prepared in sample diluent (SD; PBS-based buffer with blocking reagent and detergents) at an initial concentration of 900 pg/mL and subsequent three-fold dilutions were made. Samples as well as calibrator dilutions were simultaneously incubated during 3 h at 21°C with the biotinylated mAb ADxNGCT1 in SD. After washing the plates with PBST, horseradish peroxidase-conjugated streptavidin was added. After incubation of 30 min at 21°C, the plates were washed and a 3,3',5,5'-tetramethylbenzidine solution was added to engage development. After 30 min at 21°C, the coloring reaction was stopped with 1M sulfuric acid and plates were read spectrophotometrically in a BioTek microplate reader, at 450 nm (630 nm as reference wavelength). Levels of neurogranin trunc P75 were calculated via intrapolation (5PL curve fit; log(X)) based on the calibrator curve.

BACE1 ELISA for CSF {#sec0025}
-------------------

Barão and colleagues described earlier the design of an ELISA specific for BACE1 total protein levels, involving the mAbs ADx401 (clone 5G7) and 10B8 \[[@ref028]\]. Before initiating our current study, we revised their protocol to harmonize the procedure with the ELISA procedures for the classic AD CSF biomarkers, such as CSF total-tau and CSF Aβ~1-42~, commercialized by Euroimmun AG (Lübeck, Germany). Summarized, we reduced the three-day protocol of Barão and co-workers into a one-day procedure, including a simultaneous incubation (during 3 h) of 15*μ*L undiluted CSF sample and the detector antibody. Also, since the production of mAb 10B8 decreased in function of time, we performed additional rounds of subcloning of its hybridoma cell line to ensure the monoclonal character and production of the antibody. This resulted in the mAb ADx402 (clone 10B8F1), which is the detector Ab in the new ELISA, and which is biotinylated instead of conjugated with peroxidase as in the previous format \[[@ref028]\]. In our study, we analyzed the BACE1 levels according to the new protocol, where concentrations were calculated via intrapolation (5PL curve fit; log (X)) based on a calibrator curve.

ELISA for the CSF biomarkers total-tau, Aβ~1-42~, Aβ~1-40~, and Aβ~1-38~ {#sec0030}
------------------------------------------------------------------------

CSF levels of total-tau, Aβ~1-42~ and Aβ~1-40~ were re-analyzed during this study, using the total-tau ELISA, Beta-Amyloid (1-42) ELISA and Beta-Amyloid (1-40) ELISA by Euroimmun. Also, we measured CSF Aβ~1-38~ with an assay that was recently used in a large (*n* = 1,182) clinical study on the improved diagnostic performance of Aβ ratios in AD diagnosis \[[@ref039]\]. The CSF Aβ~1-38~ assay uses the same detector antibody, i.e., ADx101 (clone 3D6), as the other Aβ ELISAs and a C-terminal specific Aβ~1-38~ antibody, i.e., ADx104 (clone 4H9), as capture mAb. The lower limit of quantification of the Aβ~1-38~ ELISA is approximately 32 pg/mL, while the linearity, based on three CSF samples (range 900--3800 pg/mL) is 81 to 113% (correlation *r* = 0.982). Based on three other CSF samples (range 500--1500 pg/mL), the intra-assay precision (coefficient of variation, CV) for 24 replicates is 1.9%, 2.2%, and 1.6%, respectively, whereas the inter-assay precision is 3.6%, 5.3%, and 5.0% respectively, based on 3 replicates in 10 runs. Finally, the inter-lot variability was determined on duplicates of these three samples, in 4 runs of 3 different lots, i.e., 3.5%, 5.0%, and 7.3% respectively. All three Aβ-assays and the total-tau ELISA use lyophilized, ready-to-use calibrators and standardized protocols, and were performed according to the kit-insert. Except for Aβ~1-38~, all kits are CE-certified.

Immunohistochemistry {#sec0035}
--------------------

Immunostaining was performed on a Ventana BenchMark automated slide stainer. The slides were incubated for one hour with the ADxNGCI2 antibody at a dilution of 1/1000 in Dako antibody diluent (Dako, Courtaboeuf, France) containing a Tris-HCL buffer and sodium azide. Pretreatment included incubation for 30 minutes in Cell Conditioning CC1 (Ventana, Ilkirch, France) at pH 8.4. The detection step made use of the UltraView Universal DAB Detection Kit (Ventana, Ilkirch, France). The slides were counterstained with Harris haematoxylin.

Statistical analyses {#sec0040}
--------------------

GraphPad Prism 6.02 and *R* version 3.1.2 were used for statistical analyses and figures. The strength of the correlation between analytes and/or parameters was expressed by Spearman's correlation coefficient. To compare quantitative variables data between groups, a Kruskal-Wallis test was applied. Linear mixed models were fitted with MMSE as depend variable, fixed effects included time (continuous variable), CSF marker value and their interaction. The random effects included a random intercept for individual and a random slope for time. The significance of the interaction between the CSF marker value and time entailed whether the level of CSF marker had a significant effect on the MMSE change over time. The significance of this term was tested using a F-test with a Kenward-Roger correction for the number of degrees of freedom. Results were considered significant for *p*-values \<0.05.

RESULTS {#sec0045}
=======

Generation of neurogranin monoclonal antibodies {#sec0050}
-----------------------------------------------

The anti-neurogranin mAbs ADxNGCI2 and ADxNGCT1 were generated by immunization of mice with synthetic peptides encompassing theC-terminus of neurogranin. The mAb ADxNGCI2 (isotype IgG2a) was produced at PharmAbs (KU Leuven, Belgium) in Balb/c mice after injections with a KLH-coupled peptide containing an internal sequence of C-terminal neurogranin (R51-D78) and additional boosts with full-length synthetic neurogranin. Both the peptide and full-size neurogranin were synthesized at Proteogenix (France). The mAb ADxNGCT1 (isotype IgG1) was isolated (at BIOTEM, France) from OF1 mice following an immunization with a KLH-conjugated peptide (synthesized at BIOTEM) corresponding to theC-terminus truncated at P75 (G60-P75). These two mAbs ADxNGCI2 and ADxNGCT1 each recognize a different epitope on neurogranin as depicted in [Fig. 1a](#jad-53-jad160227-g001){ref-type="fig"}. A scan by ELISA with streptavidin coating and biotinylated peptides covering the C-terminal end of neurogranin revealed that the epitope of ADxNGCI2 is located within the sequence R51-A66. The mAb ADxNGCT1 targets the amino acid range from G62, ending at P75. This specificity of both mAbs was also confirmed by gel electrophoresis on synthetic neurogranin, full size as well as truncated at P75. Three abundant types of human collagen were included as well since ADxNGCI2 and ADxNGCT1 target the collagen like domain of neurogranin ([Fig. 1b](#jad-53-jad160227-g001){ref-type="fig"}). Finally, the mAb ADxNGCI2 labeled the cell body of many, but not all, neurons during immunostaining of brain tissue ([Fig. 2a](#jad-53-jad160227-g002){ref-type="fig"}). Both pyramidal and granular neurons were labeled. The dendritic shaft of pyramidal cells was also immunostained, sometimes over a long distance ([Fig. 2a](#jad-53-jad160227-g002){ref-type="fig"}). The dendrites of the dentate gyrus were strongly positive ([Fig. 2b](#jad-53-jad160227-g002){ref-type="fig"}). On some dendrites, dendritic spines were visible ([Fig. 2e](#jad-53-jad160227-g002){ref-type="fig"}). Some axons were labeled in the white matter ([Fig. 2d](#jad-53-jad160227-g002){ref-type="fig"}), whereas the mossy fibers (axons of the granule cells of the dentate gyrus) were particularly immunostained ([Fig. 2c](#jad-53-jad160227-g002){ref-type="fig"}). A granular and strong positivity was noticed in the cortical neuropil, probably in relation with the labeling of synapses. Glia were not labeled. The senile plaques were unstained and appeared as negative structures in the immunopositive neuropil ([Fig. 2f](#jad-53-jad160227-g002){ref-type="fig"}). Neurofibrillary tangles were but weakly stained and tangle-bearing neurons were unstained or only lightly stained ([Fig. 2g](#jad-53-jad160227-g002){ref-type="fig"}).

Design of an ELISA targeting neurogranin truncated at P75 {#sec0055}
---------------------------------------------------------

During our exploratory study on neurogranin as CSF biomarker \[[@ref017]\], we selected the mAb Ng7 \[[@ref016]\] as capture antibody and a polyclonal Ab, 07-425, by Merck Millipore as detector antibody. However, since the mAb ADxNGCI2 shares the same epitope as Ng7 but has a higher affinity, we selected ADxNGCI2 to develop the new immunoassay described below. We determined the affinity of these two mAbs by bio-layer interferometry measurements on the BLItz system by fortéBIO ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}). The K~D~ of Ng7 corresponded to 0.6nM whereas the K~D~ of ADxNGCI2 was less than 10 pM. Additionally, the pAb 07-425 was replaced with ADxNGCT1, due to the monoclonal character of the latter as well as its specificity towards the truncated C-terminus of neurogranin (at P75), which is more abundant in human CSF than the intact C-terminus \[[@ref016]\]. As such, combining ADxNGCI2 as capture antibody and ADxNGCT1 as biotinylated detector antibody resulted in the research sandwich ELISA specific for neurogranin truncated at P75 ([Fig. 1c](#jad-53-jad160227-g001){ref-type="fig"}). To assess the sensitivity of the new mAbs based assay, three CSF samples with low endogenous levels of neurogranin trunc P75 were run in 4 replicates and the lowest quantifiable concentration with a coefficient of variation (% CV) of 20 was 26 pg/mL (based on the standard curve in duplicate). Three-fold serial dilutions of a synthetic peptide encompassing the C-terminal sequence of neurogranin, ending at P75, were used to generate the standard curve, ranging from 900 to 4 pg/mL. Lastly, to preliminary explore the stability of neurogranin trunc P75 in CSF, we performed a stress experiment where 3 CSF samples were stored at 21°C, 4°C, or --20°C for 1 to 15 days before storing at --80°C until analysis. As reference, an aliquot of each sample was stored directly at --80°C at the start of the experiment (day 0). Analysis of the samples with the prototype ELISA revealed stable levels of neurogranin trunc P75 in case of storage at --20°C or even 4°C, while levels decreased by 30% after 15 days of storage at 21°C ([Supplementary Figure 2](#S1){ref-type="supplementary-material"}).

Age dependence of CSF neurogranin, CSF BACE1, and the classic CSF AD biomarkers {#sec0060}
-------------------------------------------------------------------------------

In preparation of the clinical study, we first verified the neurogranin trunc P75 assay as a proof-of-concept in a large set of CSF samples. Specifically, we analyzed the control group for the clinical study (*n* = 20) in addition to a cohort of diagnostically undefined CSF samples (*n* = 161; Biomnis, France). We selected the latter group of samples within a wide range of age and with a similar number of male and female subjects. In total, 181 samples (104 female/77 male subjects) were analyzed with a median age of 50.3 y (range 7.0--92.1). Apart from neurogranin trunc P75, we analyzed the CSF levels of BACE1, tau, Aβ~1-42~, Aβ~1-40~, and Aβ~1-38~. [Table 1](#jad-53-jad160227-t001){ref-type="table"} summarizes the concentrations of all analytes. As depicted, only in a very minor number of samples neurogranin trunc P75 levels could not be determined, i.e., 2.8%, which was highly comparable to the other five analytes, i.e., 1.7% for total-tau, Aβ~1-42,~ and Aβ~1-40~; 1.1% for Aβ~1-38~; and 0% for BACE1. In addition, all CSF analytes showed an association with age, albeit very weak in case of Aβ~1-42~: neurogranin trunc P75 (*ρ*= 0.253; *p* = 0.0007), BACE1 (*ρ*= 0.412; *p* \< 0.0001), tau (*ρ*= 0.366; *p* \< 0.0001), Aβ~1-42~ (*ρ*= 0.147; *p* = 0.050), Aβ~1-40~ (*ρ*= 0.305; *p* \< 0.0001), and Aβ~1-38~ (*ρ*= 0.326; *p* \< 0.0001). [Figure 3](#jad-53-jad160227-g003){ref-type="fig"}, which illustrates this relationship between the several CSF analytes and age, also confirms the accurate selection of the age-matched control group for the clinical study. Finally, there was a strong correlation between neurogranin trunc P75, BACE1, and tau on the one hand, and a solid relationship between the three Aβ-species on the other hand ([Table 2](#jad-53-jad160227-t002){ref-type="table"}).

CSF levels of neurogranin trunc P75, BACE1, and the classic CSF AD biomarkers in MCI and AD patients {#sec0065}
----------------------------------------------------------------------------------------------------

After establishing the proof-of-concept of the research assay for neurogranin, we investigated the levels of neurogranin trunc P75 and BACE1 in the CSF of MCI (*n* = 38) and AD (*n* = 50) patients versus cognitively normal participants (CTRL) (*n* = 20). In addition, total-tau, Aβ~1-42~, Aβ~1-40~, and Aβ~1-38~ were quantified in the samples, which were tested blinded from clinical diagnosis. [Table 3](#jad-53-jad160227-t003){ref-type="table"} sums up the levels of every analyte, combined with the demographic and clinical data of the population.

Compared to the CTRL group, CSF neurogranin trunc P75 was significantly increased in MCI patients (*p* \< 0.01), but was not significantly different in AD patients ([Table 3](#jad-53-jad160227-t003){ref-type="table"}, [Fig. 4](#jad-53-jad160227-g004){ref-type="fig"}). Likewise, no significant differences were noted between the MCI and AD groups. On the contrary, CSF BACE1 levels were higher in the MCI group compared to the AD patients (*p* \< 0.01), whereas no significant differences were seen between CTRL and MCI, nor between CTRL and AD. For both proteins, there was a trend of increasing group levels when progressing fromcognitively normal to MCI, followed by a decrease in case of progression to AD. These findings are reflected by Receiver Operating Characteristics (ROC) analyses, comparing the CTRL group versus both groups of patients ([Table 4](#jad-53-jad160227-t004){ref-type="table"}). CSF neurogranin trunc P75, as single analyte, performed well in discriminating MCI from cognitively healthy with an area under the ROC curve (AUC) of 0.741 (*p* = 0.003), but failed to distinguish AD from control (AUC = 0.615, ns). Regarding BACE1, no significant discriminating power was noted for CSF BACE1 as single analyte, for MCI (AUC = 0.620, ns), nor for AD (AUC = 0.554, ns). As expected, the ROC statistics demonstrated strong diagnostic value of the classic CSF biomarkers total-tau and Aβ~1-42~. AUC values for CSF total-tau were 0.842 (*p* \< 0.0001) in case of MCI and 0.854 (*p* \< 0.0001) for AD, whereas for CSF Aβ~1-42~, AUC values were 0.765 (*p* = 0.001) in case of MCI and 0.849 (*p* \< 0.0001) for AD. Combining the biomarkers into ratios clearly resulted in higher AUC values and/or increased statistical strength ([Table 4](#jad-53-jad160227-t004){ref-type="table"}). The AUC value for the ratio of CSF neurogranin trunc P75/Aβ~1-42~ was 0.874 (*p* \< 0.0001) for discriminating MCI from CTRL and 0.903 (*p* \< 0.0001) in case of AD versus CTRL, paralleling the largestdiscriminating performance of the ratio CSF Aβ~1-42~/total-tau (AUC(MCI) = 0.871, *p* \< 0.0001; AUC(AD) = 0.923, *p* \< 0.0001). The combination of both synaptic proteins neurogranin trunc P75 and BACE1 also resulted in an AUC value that was superior to the values of both analytes as single parameter. The AUC value for CSF neurogranin trunc P75/BACE1 was 0.715 (*p* = 0.008) regarding MCI patients and 0.806 (*p* \< 0.0001) for the AD group.

Also, we investigated the relationship between all CSF analytes in the clinical groups, and similar to the proof-of-concept analyses described above, there was a strong correlation between neurogranin trunc P75 and BACE1, in MCI (0.793, *p* \< 0.0001) as well as AD patients (0.711, *p* \< 0.0001; [Table 5](#jad-53-jad160227-t005){ref-type="table"}). Moderately strong correlations between these synaptic analytes and total-tau were observed as well, i.e., neurogranin trunc P75 and tau were both correlated in MCI (0.635, *p* \< 0.0001), and AD (0.617, *p* \< 0.0001), as were BACE1 and tau in MCI (0.588, *p* \< 0.001), and AD (0.497, *p* \< 0.001). Even though neurogranin trunc P75, BACE1, and tau appeared closely associated, subtle differences became apparent when studying their respective associations with the Aβ-species. Neurogranin trunc P75 correlated with both Aβ~1-40~ and Aβ~1-38~ in MCI as well as AD, but in neither case with Aβ~1-42~. On the other hand, tau showed an albeit weak, yet significant, correlation with Aβ~1-42~ in MCI (0.383, *p* \< 0.05), while BACE1 correlated with Aβ~1-42~ in AD (0.408, *p* \< 0.01). When considering the ratios of CSF Aβ~1-42~/Aβ~1-40~ and CSF Aβ~1-42~/Aβ~1-38~ more differences were found ([Table 6](#jad-53-jad160227-t006){ref-type="table"}). In the MCI population, both neurogranin trunc P75 and BACE1 were correlated with both ratios, whereas tau was not. Curiously, in the patients with AD dementia, only neurogranin trunc P75 was related to the ratio CSF Aβ~1-42~/Aβ~1-38~ in contrast to CSF Aβ~1-42~/Aβ~1-40~ with which all three analytes significantly correlated.

Relationship of CSF biomarkers with MMSE decline {#sec0070}
------------------------------------------------

In addition to their diagnostic performance, we evaluated the analytes as possible progression biomarkers by assessing their relationship with cognitive decline. Therefore, we considered the CSF levels of all analytes, as single parameters as well as ratios, in a subset of MCI (*n* = 36) and AD (*n* = 45) patients where MMSE was monitored. Adjusted for age and gender, a linear mixed model analysis, with the longitudinal MMSE measurements as outcome, demonstrated that none of the single analytes at baseline, i.e., neurogranin trunc P75, BACE1 nor the classic CSF AD biomarkers, were associated with the rate of cognitive decline ([Table 7](#jad-53-jad160227-t007){ref-type="table"}). Also the majority of biomarker ratios was not correlated, although there was one specific ratio of CSF biomarkers showing a consistently significant impact on the longitudinal decline in MMSE in both MCI and AD patients, i.e., CSF neurogranin trunc P75/BACE1 (β= --0.018; *p* \< 0.05 for MCI; β= --0.051; *p* \< 0.01 for AD). Statistical significance remained unchanged in case two possible confounders, CSF levels of tau and Aβ~1-42~, were added to the model as fixed effects. To illustrate this correlation between the neurogranin trunc P75/BACE1 ratio and cognitive deterioration, the subset of patients with MMSE at and follow-up after LP was partitioned into three tertiles according to the ratio levels ([Fig. 5](#jad-53-jad160227-g005){ref-type="fig"}, [Supplementary Table 2](#S1){ref-type="supplementary-material"}). In both the MCI and AD group, individuals (each represented by the thin lines) with the highest ratio levels, i.e., in the lower panels, had the steepest slope or the biggest change in MMSE. This effect was more pronounced in AD patients. There was one additional ratio that was also significantly correlated with cognitive decline, albeit only in AD patients: CSF neurogranin trunc P75/Aβ~1-42~ (β= --3.589; *p* \< 0.05).

DISCUSSION {#sec0075}
==========

The biochemical markers in the current revised diagnostic criteria for AD, i.e., CSF tau and CSF Aβ~1-42~, are state markers and their prognostic value with respect to cognitive deterioration is limited. Recent results on a novel biomarker, i.e., CSF neurogranin, have consistently demonstrated that this post-synaptic protein could be a candidate progression or stage marker. Among the six analytes tested in the current study, we found a significant correlation between the ratio of CSF neurogranin trunc P75 with the protease BACE1 and cognitive decline. None of the single analytes or other combinations demonstrated the same prognostic value.

In our previous, exploratory study, we observed increased levels of neurogranin in CSF of MCI and AD patients \[[@ref017]\], which was in accordance with other independent studies \[[@ref016]\]. However, similar to the immunoassay described by Kvartsberg and colleagues \[[@ref016]\], the ELISA used in the exploratory study lacked adequate analytical sensitivity to measure the lower concentrations of neurogranin in CSF from cognitively healthy persons. To address this issue, we developed a new ELISA with increased sensitivity and thereby bore in mind that neurogranin is present in CSF, but also in brain and plasma, as a range of truncated species. Since fragments truncated at amino acid P75 or S76 seem to be more abundant than species with an intact C-terminus \[[@ref016]\], we generated new monoclonal antibodies targeting the C-terminus of neurogranin, truncated at Pro75 (neurogranin trunc P75). The analytical sensitivity of the resulting new neurogranin ELISA was tested in a large cohort of clinically undefined CSF samples, covering a wide age-range and the performance appeared comparable to the other assays used in the study. As we noted an age-dependent increase for CSF neurogranin trunc P75, similar to the other analytes, we additionally explored whether we could calculate reference ranges using the CLSI C28 criteria \[[@ref040]\]. However, a substantial number of outliers, even after log-transformation, demonstrated that this set of CSF samples was not suitable to set such reference ranges (data not shown). As defining these values was beyond the scope of the current clinical study, a more focused study should be performed, including CSF from well-defined healthy controls as delineated by Teunissen et al.\[[@ref041]\].

After confirming adequate analytical sensitivity of the novel neurogranin ELISA, we compared the levels in MCI and AD patients and similar to neurogranin with an intact C-terminus \[[@ref017]\], CSF concentrations of neurogranin trunc P75 were increased in MCI. Yet, based on ROC analysis, there was no added diagnostic value compared to CSF tau or CSF Aβ~1-42~, as reported earlier on neurogranin \[[@ref018]\]. However, combining CSF neurogranin trunc P75 with CSF Aβ~1-42~, or with the CSF levels of the protease BACE1, resulted noticeably in higher AUC values. Possibly combining the biomarkers into a ratio might eliminate confounding factors, such as inter-individual differences, or they might reflect pathological processes more efficiently as ratio, as was suggested by several recent studies on CSF tau and CSF Aβ \[[@ref004]\]. For example, the CSF Aβ~1-42~/Aβ~1-40~ ratio appears to be a much more sensitive and accurate measure of amyloid plaque load in the brain than the levels of the individual markers \[[@ref043]\]. Actually, we noticed a strong correlation between neurogranin and tau, reflecting synaptic/axonal loss, but the correlation between neurogranin and BACE1 was even higher, in the same order as the correlation between the different Aβ analytes (see tables). This robust association of BACE1 with neurogranin might be related to their co-localization in the synaptic compartment. While neurogranin has a crucial post-synaptic role \[[@ref013]\], electron microscopy demonstrated that BACE1 predominantly concentrates in vesicles within the pre-synapse \[[@ref024]\] where it would process AβPP upon neuronal activity \[[@ref023]\]. As a ratio, the CSF levels of neurogranin and BACE1 might be a more solid reflection of synaptic function or integrity than the single concentrations. Although combining individual analytes into a ratio is, analytically speaking, a challenge, i.e., the imprecision of the ratio is the sum of the imprecision of the individual analytes, it definitely seems meaningful to continue investigating the value of combining BACE1 and neurogranin in additional studies, with longer (clinical) follow-up and larger independent study populations, or even combining these analytes with other synaptic proteins that can be measured in CSF, such as SNAP-25 \[[@ref045]\]. Additionally, other cognitive measures, e.g., ADAS-cog, or other, non-AD, cognitive disorders, such as depression, may be explored.

Next to representing synaptic dysfunction and/or degeneration, one may wonder whether this CSF ratio could also function as biomarker for cognitive deterioration because of the link between loss of synaptic proteins and cognitive impairment in AD dementia \[[@ref007]\]. The ratio of CSF neurogranin trunc P75/BACE1 was indeed the sole parameter in this study, which was significantly correlated with cognitive decline. A high ratio predicted a more rapid decrease in MMSE scores. No correlation with decrease in MMSE was observed for the other analytes, such as CSF tau and CSF Aβ, as single biomarker nor combined as ratio. These findings are in line with previous reports where only weak correlations are described between tangles and/or plaque pathology and cognitive impairment \[[@ref009]\]. So even though CSF tau and CSF Aβ are excellent early diagnostic biomarkers, representing the mentioned tangles respectively plaque pathology, their prognostic value is limited.

We would like to emphasize that although several independent studies on neurogranin have demonstrated a consistent increase in the CSF levels of the protein in MCI and AD \[[@ref016]\], these studies involve varying research assays and it will be necessary to compare these different assay set-ups. We need to define which form(s) is (are) diagnostically relevant for AD and/or other forms of neurodegeneration as characterization studies of neurogranin in CSF are already showing different forms of the protein \[[@ref016]\]. Comparison studies on the same clinical groups, where the different assay formats for neurogranin are compared, are ongoing to assess their concordance. Ideally, an analytical method is developed that can measure specific neurogranin metabolites independent of antibodies, similar to what has been developed for Aβ~1-42~ \[[@ref048]\]. In addition, harmonization studies are preferably conducted collaboratively, as it has also been done for the Aβ~1-42~ immuno-assays\[[@ref049]\].

Finally, our postmortem analysis on human brain tissue with the mAb ADxNGCI2 confirmed data acquired in the rat brain. Golgi methods and electron microscopy, in the rat, demonstrated a post-synaptic localization of neurogranin \[[@ref013]\] where it mediates long-term potentiation through its interaction with calmodulin \[[@ref010]\]. Yet, ADxNGCI2 also labeled the cell body of the neurons, a large part of their dendritic tree as well as synapses. Moreover, the distribution of the protein was not limited to the somato-dendritic compartment but also involved some axons and particularly the mossy fibers of the hippocampus. This somato-dendritic topography suggests that neurogranin is synthesized in the cell body before being targeted to the synapses in the dendrites, as already put forward in rat brain data analysis \[[@ref051]\]. The importance and role of axonal neurogranin remains to be elucidated. However, since several neurogranin fragments have been detected in the brain, e.g., truncated at P75, using additional monoclonal antibodies directed against those specific species of the protein, such as mAb ADxNGCT1, might offer new insights. We plan on performing postmortem studies in both AD and control cases using several neurogranin antibodies to improve our understanding of neurogranin as potential biomarker.

In conclusion, this study presents the ratio of CSF neurogranin trunc P75/BACE1 as potential progression marker for AD. Ideally, multicenter studies are performed, or established clinical consortia cohorts and/or samples from clinical trials targeting synaptic integrity are analyzed on both markers to verify this synaptic profile as progression marker, in AD or other forms of neurodegeneration. The ELISAs designed during the current study, entirely based on monoclonal antibodies, allowing standardization, provide impeccable tools for these analyses.
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![a) Epitope mapping of both mAbs ADxNGCI2 and ADxNGCT1 was performed with overlapping synthetic peptides, ranging from R51 to D78. b) Specificity of the mAbs ADxNGCI2 and ADxNGCT1 was evaluated by western blot analysis where both synthetic full-length neurogranin, as well as a synthetic neurogranin peptide that is truncated at P75, were included in the gel electrophoresis, next to human collagen type I, III, and IV. ADxNGCI2 positively stained both synthetic peptides, whereas ADxNGCT1 only labeled the truncated form. None of the mAbs detected the collagen proteins. c) To confirm the specificity of the prototype ELISA towards neurogranin species truncated at P75, different concentrations were analyzed of several synthetic neurogranin peptides that differ in their C-terminus, i.e., intact (Peptide intact C-term) or either truncated at P75 (Peptide trunc P75) or at S76 (Peptide trunc S76).](jad-53-jad160227-g001){#jad-53-jad160227-g001}

![a) The cell body (black arrow) and dendritic shaft (white arrow) of a hippocampal pyramidal neuron immunostained by the ADxNGCI2 mAb. Granular material, probably synapses, are visible in the neuropil. Control case. Scale bar = 20*μ*m. b) Granular (\*) and molecular (between white arrows) layers of the dentate gyrus. The inner and outer sub-layers are indicated by black arrows. Neurogranin immunoreactivity is more homogeneous and dense in the inner sublayer. Control case. Scale bar = 40*μ*m. c) Mossy fibers getting out of the hilus of the dentate gyrus and reaching the CA2 sector are indicated by black arrows. The granular layer is visible at the upper right of the picture. Control case. Scale bar = 100*μ*m. d) White matter of the cortex. An immunolabelled axon is visible (black arrows). Scale bar = 20*μ*m. e) Immunolabelled dendrites. Two spines are indicated by the black arrows. Control case. Scale bar = 10*μ*m. f) Senile plaques. They appear negatively stained on the intensely positive neuropil (the three senile plaques are indicated by arrows). AD patient. Scale bar = 50*μ*m. g) Neurofibrillary tangle. A neurofibrillary tangle (white arrow) appears but weakly stained in the cell body of a neuron in which the immunostain was lower than in unaffected neurons. AD patient. Scale bar = 10*μ*m.](jad-53-jad160227-g002){#jad-53-jad160227-g002}

![CSF levels of neurogranin trunc P75 (a), BACE1 (b), total-tau (c), Aβ~1-42~ (d), Aβ~1-40~ (e), and Aβ~1-38~ (f) in 20 cognitively healthy persons (black boxes) and 161 unselected CSF samples within a wide age-range (open circles) were plotted against age.](jad-53-jad160227-g003){#jad-53-jad160227-g003}

![Scatter dot plots demonstrating the concentrations of neurogranin trunc P75 (a) or BACE1 (b) in CSF in the different diagnostic groups: mild cognitive impairment with high probability for Alzheimer's disease (MCI) (*n* = 38); dementia due to Alzheimer's disease (AD) (*n* = 50); and cognitively healthy participants (CTRL) (*n* = 20). Presented as a line in each dot plot are the median levels. The bars represent the interquartile range. Statistical significant differences between the groups are presented on the graphs by ^\*\*^*p* \< 0.01.](jad-53-jad160227-g004){#jad-53-jad160227-g004}

![The subset of patients with MMSE at time of LP (time = 0) and/or after LP were divided into tertiles of the ratio levels to illustrate the effect of the CSF neurogranin trunc P75/BACE1 levels on evolution of MMSE over time. The panels show the low (upper panels), medium (mid panels), and high (lower panels) range of levels of CSF neurogranin trunc P75/BACE1. Separate panels were created for both MCI (a) and AD patients (b). For both the MCI and AD group, the observed MMSE was plotted versus time for each range. The thin lines represent the observed MMSE data for individual patients, (upper panels: MCI: *n* = 11, AD: *n* = 9; mid panels: MCI: *n* = 9, AD: *n* = 11; lower panels: MCI: *n* = 11, AD: *n* = 11) the thick lines symbolize the linear regression line of mean MMSE versus time. Patients where MMSE scores at time of LP were available but not post-LP, were included to delineate the tertiles. However, these individuals were not represented by a thin line, since no longitudinal data post-LP was collected in these cases.](jad-53-jad160227-g005){#jad-53-jad160227-g005}

###### 

Overview of all quantified analytes and their correlation with age, in the cohort of unselected CSF samples and the age-matched control group for the clinical study

  Analytes                             \% N   Median (p25-p75)    Correlation with age (Spearman's *ρ*-value)   *p*-value of age dependency
  ----------------------------------- ------ ------------------- --------------------------------------------- -----------------------------
  CSF neurogranin trunc P75 (pg/mL)    2.8      122 (89--191)                        0.253                                0.0007
  CSF BACE1 (pg/mL)                     0      934 (702--1304)                       0.412                               \<0.0001
  CSF total-tau (pg/mL)                1.7     213 (163--301)                        0.366                               \<0.0001
  CSF Aβ~1-42~ (pg/mL)                 1.7     373 (211--557)                        0.147                                 0.050
  CSF Aβ~1-40~ (pg/mL)                 1.7    4872 (3177--6772)                      0.305                               \<0.0001
  CSF Aβ~1-38~ (pg/mL)                 1.1    1229 (869--1761)                       0.326                               \<0.0001

\% N, percentage of samples not quantifiable (out of 181).

###### 

Spearman's correlation analysis on the CSF biomarkers in the age-matched controls from the clinical study and the cohort of diagnostically unselected samples. Each studied relationship between analytes, represented by Spearman's *ρ*-values in the table, was statistically significant (*p* \< 0.0001)

                           neurogranin trunc P75   BACE1   total-tau   Aβ~1-42~   Aβ~1-40~   Aβ~1-38~
  ----------------------- ----------------------- ------- ----------- ---------- ---------- ----------
  neurogranin trunc P75                                                                     
  BACE1                            0.746                                                    
  total-tau                        0.668           0.550                                    
  Aβ~1-42~                         0.448           0.474     0.306                          
  Aβ~1-40~                         0.595           0.625     0.488      0.888               
  Aβ~1-38~                         0.658           0.688     0.519      0.806      0.948    

###### 

Summary of the demographic, clinical, and biomarker data of the clinical groups, where data on the analytes are summarized as median values with 25th and 75th quartiles. Median differences between the age-matched control group (CTRL) and the MCI and AD groups were tested using a Kruskal-Wallis test

                                                CTRL                        MCI                               AD
  ------------------------------------ ---------------------- -------------------------------- --------------------------------
  *Demographic*                                                                                
  Gender, N (F/M)                            20 (10/10)                  38 (23/15)                       50 (27/23)
  Age at LP (y)                             74 (69--76)                 73 (69--79)                      75 (68--78)
  *Clinical*                                                                                   
  MMSE at LP (/30)                          27 (24--30)                 25 (23--27)                      18 (12--23)
  *Biochemical*                                                                                
  CSF neurogranin trunc P75 (pg/mL)        159 (92--205)            214 (161--256)^\*\*^                172 (141--230)
  CSF BACE1 (pg/mL)                      1472 (1012--2121)           1777 (1291--2276)                1378 (1031--1679)
  CSF total-tau (pg/mL)                    349 (242--434)         567 (446--706)^\*\*\*\*^         535 (454--711)^\*\*\*\*^
  CSF Aβ~1-42~ (pg/mL)                     503 (267--687)            283 (219--350)^\*^            208 (166--287)^\*\*\*\*^
  CSF Aβ~1-40~ (pg/mL)                   7352 (4884--9514)           7685 (6604--9881)                5662 (4307--7413)
  CSF Aβ~1-38~ (pg/mL)                   1728 (1206--2169)           1802 (1539--2385)                1316 (1075--1659)
  CSF Aβ~1-42~/total-tau                1.539 (0.911--1.916)    0.502 (0.380--0.622)^\*\*\*^    0.354 (0.290--0.470)^\*\*\*\*^
  CSF Aβ~1-42~/Aβ~1-40~                 0.070 (0.052--0.080)   0.035 (0.028--0.040)^\*\*\*\*^   0.038 (0.029--0.045)^\*\*\*\*^
  CSF Aβ~1-42~/Aβ~1-38~                 0.286 (0.225--0.364)   0.154 (0.111--0.179)^\*\*\*\*^   0.162 (0.115--0.191)^\*\*\*\*^
  CSF neurogranin trunc P75/BACE1       0.095 (0.088--0.111)      0.120 (0.101--0.142)^\*^       0.136 (0.114--0.157)^\*\*\*^
  CSF neurogranin trunc P75/Aβ~1-42~    0.297 (0.228--0.492)   0.767 (0.560--1.026)^\*\*\*\*^   0.843 (0.626--1.135)^\*\*\*\*^

AD, Alzheimer's disease; CTRL, cognitively healthy; F, female; LP, lumbar puncture; M, male; MCI, mild cognitive impairment with high probability for AD; MMSE, Mini-Mental State Examination; N, number of samples; y, years. The statistical significance (versus CTRL) is represented by ^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01; ^\*\*\*^*p* \< 0.001; ^\*\*\*\*^*p* \< 0.0001.

###### 

ROC-statistics on the CSF biomarkers as single analytes or as ratio, where the set of data of the CTRL group was aligned with the MCI or AD group. The *p*-values \<0.05 are emphasized in bold font

                                    MCI versus CTRL (*n* = 38)   AD versus CTRL (*n* = 50)          
  -------------------------------- ---------------------------- --------------------------- ------- ---------------
  neurogranin trunc P75                       0.741                      **0.003**           0.615       0.137
  BACE1                                       0.620                        0.137             0.554       0.487
  total-tau                                   0.842                    \< **0.0001**         0.854   \< **0.0001**
  Aβ~1-42~                                    0.765                      **0.001**           0.849   \< **0.0001**
  Aβ~1-40~                                    0.559                        0.467             0.660     **0.038**
  Aβ~1-38~                                    0.622                        0.130             0.645       0.059
  *Ratio of analytes*                         *AUC*                      *p-value*           *AUC*     *p-value*
  Aβ~1-42~/Aβ~1-40~                           0.904                    \< **0.0001**         0.887   \< **0.0001**
  Aβ~1-42~/Aβ~1-38~                           0.894                    \< **0.0001**         0.876   \< **0.0001**
  Aβ~1-42~/total-tau                          0.871                    \< **0.0001**         0.923   \< **0.0001**
  neurogranin trunc P75/Aβ~1-42~              0.874                    \< **0.0001**         0.903   \< **0.0001**
  neurogranin trunc P75/BACE1                 0.715                      **0.008**           0.806   \< **0.0001**

AD, Alzheimer's disease; AUC, Area Under the ROC; CTRL, cognitively healthy; MCI, mild cognitive impairment with high probability for AD; ROC, receiver operating curve.

###### 

Spearman's correlation analysis on the CSF biomarkers in MCI (above diagonal) and AD patients (below diagonal)

                                           MCI (*n* = 38) neurogranin trunc P75        BACE1             tau           Aβ~1-42~          Aβ~1-40~          Aβ~1-38~
  --------------- ----------------------- -------------------------------------- ----------------- --------------- ----------------- ----------------- -----------------
  AD (*n* = 50)   neurogranin trunc P75              0.793^\*\*\*\*^              0.635^\*\*\*\*^       0.048        0.544^\*\*\*^    0.731^\*\*\*\*^  
                  BACE1                              0.711^\*\*\*\*^                                0.588^\*\*\*^        0.238        0.619^\*\*\*\*^   0.763^\*\*\*\*^
                  tau                                0.617^\*\*\*\*^               0.497^\*\*\*^                       0.383^\*^      0.649^\*\*\*\*^   0.631^\*\*\*\*^
                  Aβ~1-42~                                0.196                     0.408^\*\*^         0.277                         0.649^\*\*\*\*^        0.320
                  Aβ~1-40~                           0.565^\*\*\*\*^              0.679^\*\*\*\*^   0.522^\*\*\*^   0.781^\*\*\*\*^                     0.770^\*\*\*\*^
                  Aβ~1-38~                           0.706^\*\*\*\*^              0.726^\*\*\*\*^   0.478^\*\*\*^   0.526^\*\*\*\*^   0.819^\*\*\*\*^  

AD, Alzheimer's disease; MCI, mild cognitive impairment with high probability for AD. The statistical significance is represented by ^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01; ^\*\*\*^*p* \< 0.001; ^\*\*\*\*^*p* \< 0.0001.

###### 

Spearman's correlation analysis on CSF neurogranin trunc P75, BACE1, and total-tau with the ratios CSF Aβ~1-42~/Aβ~1-40~ and CSF Aβ~1-42~/Aβ~1-38~ in CTRL as well as MCI and AD

                           Aβ~1-42~/Aβ~1-40~   Aβ~1-42~/Aβ~1-38~                                                    
  ----------------------- ------------------- ------------------- ------------------- --------- ------------------- ---------------
  neurogranin trunc P75         --0.371        --0.608^\*\*\*\*^   --0.651^\*\*\*\*^   --0.430   --0.662^\*\*\*\*^   --0.365^\*\*^
  BACE1                         --0.063          --0.485^\*\*^      --0.497^\*\*\*^    --0.140    --0.551^\*\*\*^       --0.167
  total-tau                      0.092              --0.275         --0.465^\*\*\*^    --0.012        --0.293           --0.080

AD, Alzheimer's disease; CTRL, cognitively healthy; MCI, mild cognitive impairment with high probability for AD. The corresponding statistical significance is represented by ^\*\*^*p* \< 0.01; ^\*\*\*^*p* \< 0.001; ^\*\*\*\*^*p* \< 0.0001.

###### 

Statistical significance of the association between cognitive decline and the single analytes and ratios, based on linear mixed model analysis (MCI *n* = 36; AD *n* = 45), adjusted for age and gender. The *p*-values \<0.05 are underlined and emphasized in bold font

  Single analyte                     MCI (*n* = 36) *p*-value   AD (*n* = 45) *p*-value
  --------------------------------- -------------------------- -------------------------
  total-tau                                   0.684                      0.245
  Aβ~1-40~                                    0.534                      0.927
  Aβ~1-42~                                    0.192                      0.490
  Aβ~1-38~                                    0.888                      0.493
  BACE1                                       0.524                      0.996
  Neurogranin trunc P75                       0.766                      0.203
  *Ratio of analytes*                                          
  Aβ~1-42~/Aβ~1-40~                           0.434                      0.605
  Aβ~1-42~/total-tau                          0.122                      0.092
  Neurogranin trunc P75/Aβ~1-42~              0.286                     *0.023*
  Neurogranin trunc P75/total-tau             0.999                      0.615
  BACE1/Aβ~1-42~                              0.888                      0.458
  BACE1/total-tau                             0.099                      0.098
  Neurogranin trunc P75/BACE1               **0.036**                   *0.005*
